Poly mer bub bles are widely used for fab ri ca tion of nanofibers. Bub ble size af fects not only bub ble's sur face ten sion, but also fi ber's mor phol ogy. A math e mat i cal model is es tab lished to re veal the ef fect of bub ble size on the spin ning pro cess, and the ex per i ment ver i fi ca tion shows the the o ret i cal anal y sis is re li able. Key words: bubble electrospinning, bubble diameter, fiber diameter
In tro duc tion
Bub ble electrospinning [1] [2] [3] [4] [5] [6] [7] [8] [9] is a pow er ful tech nol ogy to mass-pro duce nanofibers. Its out put mainly de pends up the bub ble num ber pro duced and bub ble size. The sur face ten sion of a bub ble de pends upon its size; a smaller bub ble re quires a smaller elec tronic force for fab ri ca tion of ultrafine fi bers dur ing bub ble electrospinning. The elec tronic field trig gers rup ture of poly mer bub bles to eject jets. In this pa per, a sin gle bubble is formed dur ing the spin ning pro cess to study the ef fect of bub ble size on the spin ning pro cess.
Ex per i ment
The ex per i ment set-up for sin gle bub ble electrospinning is shown in fig. 1 . Many bubbles can be formed on the sur face of so lu tion, which will be in ter acted with each other, and form a sin gle bub ble on the tube exit. The tube di am e ter should be as small as pos si ble to guaran tee only a sin gle bub ble form for spin ning. In our ex per i ment, the in ner di am e ter of the tube is con trol la ble. Five bub ble sizes are used in ex per i ment, they are 1.05 cm, 1.5 cm, 1.9 cm, 2.4 cm, and 3.5 cm, re spec tively.
The mix ture of poly vi nyl al co hol (PVA), av er age mo lec u lar weight 1,750 ± 50 g/mol, pow der and deionized wa ter with a weight ra tio 1:9 was mag net i cally stirred at 80 °C for two hours to pre pare for uni form and trans par ent so lu tion. We pro duced mi cro/nano fi bers us ing the pres ent ex per i ment set-up with the pre pared so lu tion. The in ner di am e ters of the tubes were 1.05 cm, 1.5icm, 1.9 cm, 2.4 cm, and 3.5 cm, sep a rately. The ap plied volt age was 35 kV, the distance from the top of the tube to the grounded elec trode was 20 cm. The en vi ron ment tem per ature was 20 °C, and the rel a tive hu mid ity was 52%.
The mor phol ogy of the electrospun PVA fi bers was in ves ti gated us ing scan ning electron mi cro scope (SEM); the SEM mi cro graphs are shown in fig. 2 . In the fig ure we can find that the fi ber di am e ters de crease with the in crease of the bub ble di am e ters.
Math e mat i cal model
In bub ble electrospinning pro cess, the con duc tion cur rent through bub ble is an in signif i cant ef fect on the dis tri bu tion of elec tric charge on the bub ble. Gen er ally, elec tric charge distrib utes only on jet sur face since the elec tric con duc tance of the so lu tion is not ab so lutely equal to 0. We take the bub ble in fig. 1 as a sphere, the elec tric charge on the bub ble sur face can be writ ten q = 4pe 0 R b U [10] , and the elec tric field on the bub ble sur face is:
where R b is cur va ture ra dius of the bub ble, and U is the elec tric po ten tial of the bub ble which is equal to an ode volt age. When the an ode volt age is kept con stant:
the elec tric field E on the bub ble sur face is in versely pro por tional to the cur va ture ra dius R b of the bub ble. 
Fig ure 2. Electrospun fi bers by bub bles with dif fer ent di am e ters
The mov ing jet is as sumed to be a lam i nar flow. The ve loc ity dis tri bu tion is [11] :
here s, r, R, and h are mass den sity of the so lu tion, vis cos ity co ef fi cient of the so lu tion, ra dius of the jet, and area den sity of elec tronic charge on the jet sur face, re spec tively. At the time t = 0, the ve loc ity is v = (sE/2hR)r 2 . Sec tion area of a flow layer with ra dius, r, and thick ness, dr, is dS = 2prdr, and mass flow in the flow layer is:
Then to tal mass flow through the cross-sec tion of the jet can be writ ten:
We can see that the mass flow, M, in the jet is in pro por tion to the elec tronic field, E, on a bub ble sur face:
Ac cord ing to E µ (1/R b ), we can get the re la tion of the mass flow, M, with the bub ble ra dius, R b :
The mass flow and the ra dius of the jet have the re la tion:
Equa tion (9) re veals that the ra dius of fi bers pro duced by bub ble electrospinning is in versely pro por tional to the square root of the bub ble radius, (R b ) 1/2 . The ra dii, R, of the fi bers and the, R b , of the bub ble can be dis placed by the di am eter, d, of the fi bers and the di am e ter, D b , of the bub ble:
In fig. 3 the small squares de note the di am eters of the fi bers electrospun through bub bles with dif fer ent di am e ters, and the curve shows di= 0.665/(D b ) 1/2 in graphic form, the trend of the fi ber di am e ters fits the curve ap prox i mately. 
